ABSTRACT With a high proportion of wind power being transmitted through ac and dc lines, a new power grid pattern has gradually emerged. A dc inverter is prone to commutation failure, which may lead to cascading trip of ac lines for overload, resulting in serious consequences. However, existing control methods have problems of over-or under-shedding and are unsuitable for high-proportion wind power transmission systems. Accordingly, a new fault overload control method based on emergency acceleration of doubly fed induction generator (DFIG) is proposed. The fast power control capability of DFIG is fully utilized; the active power of power grid could be rapidly balanced. First, the fault characteristics of a wind power ac/dc transmission system under the fault of dc receiving-end grid are analyzed, and the power flow transfer after self-recovery from the dc commutation failure is derived. Second, by analyzing the power characteristics of DFIG, a fault overload control idea of the wind power transmission system is proposed based on emergency acceleration of DFIG. At last, the maximum controllable capacity of a wind farm is analyzed, and a fault overload control strategy of the wind power transmission system is proposed. The simulation results prove that the proposed method can rapidly reduce the output of wind farms and prevent the overload of ac lines.
I. INTRODUCTION
Wind energy resources and load centers are reversely distributed. Wind power development generally adopts the mode of large-scale centralized development and long-distance high-voltage transmission [1] . Wind power transmission through line-commutated converter based highvoltage direct current (LCC-HVDC) has become the main method of cross-zone allocation for wind energy resources because LCC-HVDC transmission system has a large transmission capacity and long transmission distance.
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Thus, high-proportion wind power AC/DC transmission system has emerged [2] , [3] .
The inverter of LCC-HVDC is prone to commutation failure due to the voltage drop of AC bus and even causes continuous commutation failure, leading to DC block [4] , [5] . DC block further triggers strong disturbance and impacts AC power grid [6] , [7] . Accidents, such as the March 21 blackout in Brazil, indicate that the commutation failure or DC block could impede the active power transmission of LCC-HVDC. Then the large-scale power flow transfer causes cascading trip of the AC line due to its insufficient carrying capacity, which greatly threatens the safe and stable operation of power system [8] , [9] .
The components of power grid should meet the N-1 principle. Under DC commutation failure or block, other lines should not trip due to overload [10] . Therefore, studying the problem of line overload caused by power flow transfer is necessary. By establishing a simplified model of wind power AC/DC transmission system, combined with mathematical derivation and simulation experiment, Mirsaeidi et al. [5] and Tu et al. [11] analyzed the mechanism of AC line cascading trip caused by power flow transfer. In [12] , the transmission limit was increased by strengthening the AC synchronous power grid, but the construction cycle was too lengthy. In [13] , a unified power flow controller was utilized to improve the power flow distribution of AC power grid. However, the operation was too costly. The cascading failure caused by power flow transfer can be avoided through DC back-to-back asynchronous interconnection, but the active power impact causes the frequency of sending-end grid to increase. The inertia of sending-end grid is considerably reduced due to the application of large-scale wind turbines, the frequency changes cannot be suppressed in time [14] . In [15] , the rectifier controller of LCC-HVDC was modified to aid in the frequency control of sending-end grid. However, the LCC-HVDC rectifier was out of control under DC block.
The above researches suppress power flow transfer by improving the tolerance and accommodation capacity of transmission system. However, reducing the active power of sending-end grid is the key to solving power flow transfer. The method of generator-shedding was adopted in [16] , and Chen et al. [17] proposed a scheme of preferentially shedding the wind turbines after considering the volatility of wind power. However, the method of generator-shedding has problems of under-or over-shedding, increases the startup and shutdown times of thermal power units, even deteriorates the operating conditions of wind turbines. DFIG has fast and flexible power control capability, but has not been applied to suppress power flow transfer. DFIG generally operates at medium and low wind speeds. Wind energy can be rapidly stored in the kinetic energy of rotor by actively increasing the rotor speed, then the active power of wind turbines can be reduced [18] , [19] . Accelerating the wind turbine can not only alleviate the active power imbalance of power grid but also contribute to fault recovery. Besides, power flow transfer mainly affects the backup protection of AC transmission line, and the backup protection requires much time to operate, which creates conditions for the emergency control of wind turbines.
To solve the fault overload of AC line caused by power flow transfer after the commutation failure of LCC-HVDC, a new line fault overload control method based on emergency acceleration of DFIGs is proposed with the following advantages: 1) The abundant adjustable capacity is supplied to achieve the fast power balance; 2) The under-or over-shedding is avoided; 3) The rapid recovery of electricity outage can be realized; 4) The cost of startup and shutdown of the thermal power plants is reduced. This paper is organized as follows: Section II presents the model of wind power AC/DC transmission system, and the operating characteristics are analyzed. In Section III, the cascading failure characteristics of wind power AC/DC transmission system are analyzed, and the power flow transfer caused by DC commutation failure is derived. In Section IV, the idea of fault overload control based on emergency acceleration of DFIGs is proposed, and the maximum controllable capacity of wind farm is analyzed. In Section V, the fault overload control strategy of wind power AC/DC transmission system is proposed. In Section VI, the effectiveness of the strategy is verified through simulation.
II. MODEL AND OPERATION CHARACTERISTICS OF WIND POWER AC/DC TRANSMISSION SYSTEMS
Large-scale centralized-developed wind farms are generally integrated through long-distance transmission systems, the proportion of wind power at the sending-end grid is high. Typically, the transmission systems have multiple terminals in the receiving-end grid, which can not only realize power crosszone allocation through DC transmission, but also achieve the synchronous interconnection with regional power grid through AC transmission. Thus, the grid structure of highproportion wind power AC/DC transmission has emerged, as show in Fig. 1 . The wind farm mainly uses DFIG, the DC system uses LCC-HVDC transmission, and the AC system uses high-voltage AC (HVAC) transmission.
A. MODEL AND POWER CHARACTERISTICS OF DFIG
DFIG consists of wind turbine, induction generator, and backto-back converter. Fig. 2 illustrates the control structure of DFIG. The rotor side converter (RSC) realizes the decoupling control of DFIG stator active and reactive power by adjusting the rotor current. The grid side converter (GSC) is used to control the DC bus voltage and reactive power. The doubleloop design is generally adopted by the control system of RSC. The outer loop determines the reference value of rotor current according to the reference values of electromagnetic torque and reactive power. The inner loop is the current control loop, which calculates the voltage reference value according to the reference current.
When the wind energy drives the blades of wind turbine to rotate, the mechanical power of DFIG is
where k 1 is the correlation coefficient of wind turbine, v is the wind speed, C p is the wind energy utilization coefficient, a function of tip speed ratio λ. C p can be fitted as [20] C p = 25.52
where the tip speed ratio λ can be expressed as
where k 2 is the correlation coefficient of wind turbine, ω r is the rotor speed of DFIG. To achieve maximum power point tracking (MPPT) control, the reference value of rotor speed is designated as the optimal speed ω rop , it can be calculated according to the realtime wind speed [21] 
where the superscript '' * '' denotes the reference value, λ opt is the optimal tip speed ratio. When rotor speed ω r reaches the optimal speed ω rop , the optimal tip speed ratio λ opt and maximum utilization coefficient C pmax can be acquired, thus capturing the maximum wind energy.
The dashed line in Fig. 3 shows the power characteristics of DFIG according to (1), (2) , and (3). Under a certain wind speed, the mechanical power of DFIG initially increases then decreases with the increase of rotor speed. When the rotor speed reaches the optimal value, the mechanical power reaches the maximum value.
B. MODEL AND OPERATION CHARACTERISTICS OF LCC-HVDC
LCC-HVDC consists of rectifier station, inverter station, DC transmission line, and AC filter. A 12-pulse line-commutated converter is used for natural commutation in the rectifier and inverter stations. The converter is composed of thyristors, which cannot extinguish the current and require a large amount of reactive power during operation. The reactive power is mainly provided by the AC filter. In normal operations, the LCC-HVDC rectifier station adopts constant DC current and minimum firing angle control, and the inverter station adopts constant extinction angle and current deviation control. Furthermore, the rectifier and inverter stations are equipped with voltage-dependent current order limiter (VDCOL).
The DC current of LCC-HVDC I d and the DC voltage of the invertor station U di can be expressed as [22] 
where U i is the converter bus voltage of inverter station, T is the converter transformer ratio, X T is the leakage resistance of converter transformer, γ is the extinction angle of inverter station, β is the firing advance angle of inverter station. According to (5) , the extinction angle of inverter station can be expressed as
According to (7), γ is related to I d , U i , and β. When I d increases or U i decreases, γ decreases accordingly. Once γ is less than the critical extinction angle γ min , commutation failure occurs in the inverter, prompting the DC power to decrease or be interrupted. Therefore, when the voltage drop of the converter bus is detected, commutation failure preventive (CFPREV) control is generally activated in the inverter station to increase the firing advance angle, thereby increasing the extinction angle of the inverter station and reducing the probability of commutation failure.
III. CASCADING FAILURE CHARACTERISTICS OF WIND POWER AC/DC TRANSMISSION SYSTEMS
When a three-phase symmetrical fault occurs at the AC side of LCC-HVDC inverter station and causes commutation failure, the DC power variation process is shown in Fig. 4 . P d is the active power of LCC-HVDC transmission, the subscript ''0'' denotes the value before the fault, the subscript ''f'' denotes the steady-state value after self-recovery from the commutation failure, t f is the fault time, and t is the duration of the transition process of commutation failure. According to Fig. 4 , the DC current increases suddenly during the post-fault transition process because the commutation failure of inverter is equivalent to the short circuit of DC side. Then, the DC current decreases rapidly under the effect of DC line resistance. Therefore, the DC power initially increases and then decreases. Due to the short duration of commutation failure, the DC power is gradually recovered after the inverter operates in normal commutation. Then the DC transmission system reaches a new steady state. Although the active power drop in the transition process is deep, the duration t is generally 50 ms to 100 ms, which does not influence the backup protection of AC lines. In the steady state after selfrecovery from commutation failure, the VDCOL of rectifier station is activated to reduce the DC current reference value because the AC bus and DC voltage of the inverter station have not been fully recovered. Thus, the DC power is maintained at a relatively low level, which can reduce the reactive power demand of inverter station and contribute to the voltage recovery of AC bus.
According to (5) and (6), the DC voltage of rectifier station under steady state after self-recovery from commutation failure can be expressed as
where U dr is the DC voltage in rectifier station, R d is the resistance of DC line. Equation (8) shows that the rectifier DC voltage is determined by the AC bus voltage, extinction angle, and firing advance angle of the inverter station. The extinction angle is equal to the reference value γ * f under the steady state of grid fault due to the constant extinction angle control adopted by the inverter station. The AC bus voltage can be obtained by measurement. Once the AC bus voltage drop is detected, the CFPREV control raises the firing advance angle. According to (7) , the firing advance angle under the steady state of grid fault can be expressed as
where α is the output of the CFPREV control, I df is the DC current under steady state of grid fault, it is limited by VDCOL and can be expressed as [23] 
where U dh , U dl , I dh , and I dl are the parameters of VDCOL.
The DC voltage and current of rectifier station can be solved with (8), (9) , and (10). Therefore, compared with the active power transmitted by LCC-HVDC before fault, the active power reduction under the steady state of grid fault can be expressed as
The active power of LCC-HVDC transmission decreases, which causes the sending-end frequency to increase. However, the inertia of sending-end grid is reduced due to the application of high proportion wind power. The thermal power plants lack sufficient frequency regulation capacity. Hence, the active power output of the sending-end sources remains nearly unchanged. As a result, all active power reduced by LCC-HVDC is transferred to HVAC, and the power flow transfer is approximately equal to P d , which could cause HVAC overload and further lead to a cascading trip. At the same time, the reactive power consumed by the rectifier station decreases, causing the sending-end voltage to increase. However, DFIG has the capability of high-voltage ride-through and can maintain integrated operation after fault. Therefore, its fast power control capability can be used to suppress the active power flow transfer. 
IV. FAULT OVERLOAD CONTROL IDEA BASED ON DFIG EMERGENCY ACCELERATION
For the high-proportion wind power AC/DC transmission system, under the fault on the AC side of the LCC-HVDC inverter station, reducing the sending-end active power is the key to interrupting the cascading trip of AC lines. DFIG can maintain integrated operation during the fault. Thus, reducing the active power of wind farms by emergency control can effectively suppress overload in the AC line. After commutation failure of the LCC-HVDC, DFIGs can be actively accelerated, making the tip speed ratio deviate from the optimal tip speed ratio. Hence, the wind energy utilization coefficient and active power output of DFIG can be reduced, thus avoiding the excess active power of sending-end grid. Besides, the redundant wind energy is stored as rotor kinetic energy, which can help to provide sufficient active power during fault recovery. When the operating wind speed is V wi , the operating point of any DFIG under MPPT control is x on the power characteristic curve, as shown in Fig. 5 . x is the maximum power operating point of DFIG under the wind speed of V wi . If the DFIG rotor speed is increased to ω ri , thus making the DFIG operate at point y correspondingly, the mechanical power of DFIG can be reduced by P gi . With a further increase in rotor speed, the mechanical power of DFIG decreases continuously. However, to avoid rotor over-speeding, the maximum value of rotor acceleration should be less than the maximum allowable rotor speed ω rmax . Therefore, the maximum reduction of mechanical power that can be achieved by rotor acceleration is
where
For the entire wind farm, the maximum controllable capacity is (14) where N is the number of DFIG in the wind farm and i indicates the i-th DFIG. The relationship between the power flow transfer and the maximum controllable capacity of wind farm can be obtained with (11) and (14), as shown in Fig. 6 . The figure shows that power flow transfer P d is inversely proportional to the DC voltage of rectifier station, and the maximum controllable capacity of wind farm P wm decreases with the increase of wind speed. Under certain operating wind conditions and fault severity, when P d ≤ P wm , the maximum controllable capacity of wind farm can meet the control requirements of the sending-end excessive power.
V. FAULT OVERLOAD CONTROL STRATEGY FOR WIND POWER AC/DC TRANSMISSION SYSTEMS
When the HVAC transmission line is overloaded for a long time, the backup protection is initiated, leading to a cascading trip. Therefore, the response speed of the DFIG emergency control should be guaranteed. The outer loop of the RSC control of DFIG is generallydesigned according to the typical type II system, which has a lengthy response time. Meanwhile, the inner loop is designed according to the typical type I system, in which the bandwidth of PI controller is approximately 35 Hz with a rise time of only 10 ms [24] . Therefore, by blocking the outer loop of the RSC q-axis control and directly giving the reference value of electromagnetic torque, the fast active power control can be realized. Fig. 7 depicts the control structure.
To avoid control over-limit, the active power control amount of each DFIG is allocated according to the proportion of its maximum controllable capacity to the maximum controllable capacity of wind farm. The active power control amount of the i-th DFIG is The rotor speed reference value ω ri * of the i-th DFIG can be obtained using (1), (2), and (3):
Thus, the electromagnetic torque reference value of the i-th DFIG can be expressed as
where U s is the RMS value of DFIG terminal voltage and U sN is the rated value of DFIG terminal voltage. Fig. 8 shows the process of fault overload control. Considering the communication time and fault detect time, the control is started 100 ms after the LCC-HVDC commutation failure. First, according to the operating wind speed of each DFIG, the maximum controllable capacity of wind farm P wm is calculated using (12) and (14) . Second, according to the AC bus voltage U if , extinction angle γ * f , and firing advance angle β * f of the inverter station, the DC voltage and DC current of the rectifier are calculated using (8) and (10) . Then the power flow transfer under the steady state of grid fault is calculated using (11) .
Furthermore, P d is compared with P wm . When P d ≤ P wm , the active power control amount P gi and rotor speed reference value ω ri * are calculated by (15) and (16), respectively. When P d > P wm , P gi = P gmi and ω ri * = ω rmax .
The electromagnetic torque reference value of each DFIG is calculated according to (17) , then directly designated to the inner loop of the RSC q-axis control. The active power output of wind farm can be adjusted rapidly through this method. The power flow transfer can be suppressed, and the cascading failure caused by the overload of AC lines can be avoided.
VI. SIMULATION
The high-proportion wind power AC/DC transmission system shown in Fig. 1 is built in Matlab/Simulink. The rated capacity of wind farm is 1800 MW, the wind farm consists of 1,200 DFIGs (1.5 MW), they are equivalent to a DFIG by capacity weighting. The rated capacity of the thermal power plant is 1600 MW (5 * 320 MW). The rated voltage and capacity of the LCC-HVDC are 540 kV and 500 MW, respectively. The rated voltage of HVAC is 220 kV. The loads in the sending-end grid are simulated with constant impedance model, their total capacity is 400 MW. The detailed simulation parameters are presented in the Appendix.
In normal operation, the wind speed of each DFIG in the wind farm is 11 m/s, and the thermal power plant is dispatched to generate 640 MW (2 * 320 MW). At 4 s, a three-phase symmetrical short-circuit fault occurs on the AC side of the LCC-HVDC inverter station. The fault lasts for 500 ms, and the fault resistance is 25 . As shown in Fig. 10(a) , the AC bus voltage of inverter station drops to 0.85 p.u.. The CFPREV control is activated to raise the firing advance angle, which increases to 25 • at the fault instant and maintains at approximately 4 • under the steady state of grid fault, as shown in Fig. 10(b) . After the fault, the extinction angle is reduced to 5 • , which is lower than the critical extinction angle, leading to commutation failure of the VOLUME 7, 2019 inverter. After a transition process of approximately 100 ms, the extinction angle is gradually recovered to the reference value of 18 • , as shown in Fig. 10(c) .
According to (8) , (9), and (10), the DC voltage of rectifier is calculated to reduce to 0.83 p.u. (the reference voltage is 540 kV) under the steady state of grid fault. Under VDCOL control, the DC current is limited to 0.94 p.u. (the reference current is 500 MW/540 kV). Fig. 10(d) and 10(e) show the simulated DC voltage and DC current of the rectifier, respectively. The simulation results are basically consistent with the theoretical calculation results. Under the steady state of grid fault, the active power transmitted by LCC-HVDC is reduced to approximately 0.215 p.u., as shown in Fig. 10(f) . Without emergency power control, the excessive active power transfers to HVAC, causing the active power delivered by HVAC to increase by approximately 33%, from 0.15 p.u. to approximately 0.2 p.u., as shown by the red line in Fig. 11(b) . As a result, the HVAC could be faced with cascading trip due to overload.
To verify the performance of the proposed emergency control, the method of generator-shedding [16] is taken for comparison. The power flow transfer is 0.055 p.u., i.e., 110 MW. Therefore, one thermal power unit is shed at 4.1 s, the active power transmitted by HVAC is shown by the yellow line in Fig. 11(b) . Although the line overload is suppressed after generator-shedding, the active power transmitted by HVAC decreases too much, even the power reversal occurs, which severely influences the normal power supply. Then the proposed emergency control is implemented. When DFIG is accelerated from the optimal speed to the maximum allowable speed, the wind energy utilization coefficient changes from 0.4382 to 0.3533. According to (14) , the maximum controllable capacity of wind farm is 0.07 p.u., which is greater than the power flow transfer of 0.055 p.u.. Hence, the controllable capacity of wind farm satisfies the control demands. The wind farm emergency power control is activated 100 ms after the commutation failure. The active power control amount of wind farm is 0.055 p.u.. According to (16) , the control reference value of DFIG rotor speed is 1.16 p.u.. According to (17) , the corresponding electromagnetic torque reference value can be calculated as the input of the inner loop of RSC control. Under emergency control, the active power generated by wind farm decreases by approximately 0.07 p.u., as shown by the blue line in Fig. 11(a) . The active power transmitted by HVAC drops by approximately 0.07 p.u. and returns to the normal operating level, as shown by the blue line in Fig. 11(b) .
Compared to the method of generator-shedding, the proposed emergency power control strategy can not only effectively suppress power flow transfer, but also ensure the normal power supply. Besides, the duration between the start of emergency control and the achievement of control objective is only 30 ms, it is determined by the performance of the PI controller in the inner loop of RSC. Therefore, the active power transmitted by HVAC is quickly reduced, and the AC backup protection is not activated. In normal operation, the active power transmitted by HVAC is 0.15 p.u., it changes to 0.135 p.u. under emergency control, so the control error is 10%. Compared to the risk of over-shedding, the control error is acceptable.
VII. CONCLUSION
A high-proportion wind power AC/DC transmission system is prone to DC power transmission blocking under receivingend faults. The power flow transfer could cause HVAC overload and cascading trip. From the perspective of reducing the active power of wind farms, a new idea to rapidly reduce the sending-end active power and suppress HVAC overload through DFIG emergency acceleration is proposed. The active power control amount is allocated according to the control capability of each DFIG, and the rotor speed is adjusted accordingly. Meanwhile, the response speed of the emergency power control is improved by modifying the controller. The proposed control method can be implemented easily. The fast power control capability of DFIG is fully utilized, the safety and stability level of power system is improved, and the startup and shutdown times of thermal power plants are reduced, thus improving the energy utilization efficiency and economy. This method is suitable for the operation control of complex power systems with large-scale wind power and DC.
